Insulin-dependent diabetes mellitus results from the destruction of insulin-producing pancreatic ␤ cells. Encephalomyocarditis (EMC) virus induces diabetes in genetically susceptible strains of mice by infecting and destroying pancreatic ␤ cells (6, 24, 26) . We have established two distinct animal models for EMC virus-induced diabetes. One model consists of mice infected with a high titer of the D variant of EMC (EMC-D) virus (5 ϫ 10 5 PFU/mouse), in which diabetes develops by the destruction of ␤ cells through the replication of the virus in the ␤ cells (25) (26) (27) . The other animal model consists of mice infected with a low titer of EMC-D virus (5 ϫ 10 1 to 1 ϫ 10 2 PFU/mouse), in which diabetes develops by the destruction of ␤ cells primarily through the action of soluble mediators released from macrophages that are infected and activated by the EMC-D virus (1, 2, (12) (13) (14) . Naturally occurring viral infections in animals and humans are more likely to involve exposure to relatively low numbers of viruses than to the high viral titers used in experimental studies. Thus, the latter model is likely to be more appropriate for the study of virus-induced diabetes in animals and for possible application to humans. EMC-D virus has been proven to be ␤-cell trophic in the pancreatic islets. This virus infects ␤ cells but does not infect alpha cells, delta cells, pancreatic polypeptide-producing cells, or exocrine acinar cells. However, EMC-D virus infects and activates macrophages but does not replicate in the macrophages. The infection of mice (DBA/2) with a very low titer of EMC-D virus does not result in sufficient ␤-cell destruction to cause the development of diabetes prior to the induction of anti-EMC-D viral neutralizing antibodies. However, diabetes does develop later as a result of the recruitment of activated macrophages to the pancreatic islets as scavengers as a consequence of some ␤-cell damage resulting from the limited replication of the virus in the ␤ cells. The inactivation of macrophages prior to infection with a low dose of EMC-D virus results in the prevention of diabetes, while the activation of macrophages prior to viral infection results in the enhancement of ␤-cell destruction (1, 2) . Soluble mediators, including nitric oxide (NO), interleukin-1 (IL-1), and tumor necrosis factor alpha (TNF-␣), secreted from the EMC-D virus-activated macrophages destroy ␤ cells in the islets (12) . Thus, in this animal model, macrophages play a major role in the destruction of ␤ cells through their soluble mediators, leading to the development of diabetes.
Recent studies suggest that the tyrosine kinase signaling pathway is involved in macrophage activation and the production of soluble mediators (13) . It is known that Src-related tyrosine kinases are involved in signaling pathways in the hematopoietic lineage (23) and lipopolysaccharide (LPS)-induced activation of macrophages (3). This investigation was initiated to determine whether a Src family protein kinase might be involved in EMC-D virus-induced activation of mac-rophages, and if so, whether blocking the Src kinase might prevent diabetes induced by a low dose of EMC-D virus. We now report that only hematopoietic cell kinase (p59/p56 Hck ), among the Src family of tyrosine kinases, showed a significant increase in both autophosphorylation and kinase activity in macrophages infected with EMC-D virus. In addition, we found that the administration of PP2, a Src kinase inhibitor, prior to the infection of DBA/2 mice with EMC-D virus decreased the incidence of diabetes by blocking the activation of p59/p56
Hck and the subsequent production of inducible nitric oxide synthase (iNOS) and TNF-␣ by the macrophages. These results suggest that the p59/p56
Hck signaling pathway plays a critical role in the activation of macrophages by EMC-D virus infection, leading to the destruction of pancreatic ␤ cells and subsequent development of diabetes in mice.
TTGCGGTCCACC; and for IL-10, TGCCTTCAGTCAAGTGAAGAC and TTTCAGTGTTGTGAGCGTGGA. PCR amplification was carried out in 50 l of the reaction mixture containing 50 pmol of sense and antisense primer, 0.2 mM (each) deoxynucleoside triphosphate, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , and 0.1% Triton X-100 with denaturation at 94°C for 1 min, annealing at 60°C, and extension at 72°C with a DNA thermal cycler (PerkinElmer Cetus, Norwalk, Conn.). The product was run on a 1.8% agarose gel and detected by ethidium bromide staining.
Immune complex kinase assays of the Src family kinases. Peritoneal macrophages from at least 40 mice were pooled and cells (10 7 ) were lysed in 1 ml of lysis buffer (10 mM Tris-HCL [pH 7.5], 1% Triton X-100, 10 mM MgCl 2 , 1 mM sodium vanadate, 2 mM phenylmethylsulfonyl fluoride, 2 M leupeptin, 2 M pepstatin, 0.1% aprotinin) for 20 min on ice. The lysate was clarified by centrifugation (Microfuge 18; Beckman, Fullerton, Calif.) at 13,000 rpm for 15 min and the protein concentration was determined using a Bio-Rad protein assay (Hercules, Calif.). Aliquots of protein (200 g) were precleared with 20 l of 10% pansorbin (Calbiochem) for 30 min at 4°C and immunoprecipitated with 1 g of Lyn-, c-Fgr-, Hck-, c-Src-, or Blk-specific antibody (Santa Cruz Biotechnology, Inc.) for 3 h and incubated with 30 l of 10% pansorbin (Calbiochem) as a carrier for 30 min on ice. The immunoprecipitated pellets were washed four times in lysis buffer and once with phosphorylation buffer (20 mM HEPES [pH 7.4], 10 mM MgCl 2 , 10 mM MnCl 2 , 200 M sodium vanadate, 0.1% aprotinin). The kinase reaction was performed by the addition of a solution containing 10 Ci of [␥-
32 P]ATP and Sam68 or enolase as a substrate in 0.5ϫ phosphorylation buffer for 10 min at 30°C. Following separation of the denatured samples on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, the phosphorylated proteins were detected by autoradiography. In addition, the extent of phosphorylation was measured by liquid scintillation counting of gel slices of the autophosphorylated proteins and the substrate, Sam68.
Western blot analysis. Peritoneal macrophages from at least 10 mice were pooled and the cells (10 6 ) were lysed by adding 100 l of 2ϫ SDS sample buffer (100 mM Tris-HCl [pH 6.8], 4% SDS, 4% ␤-mercaptoethanol, 20% glycerol, 0.1% bromophenol blue) and sonicated for 2 s. Samples were boiled for 5 min and centrifuged for 5 min. Proteins were electrophoresed on SDS-12% PAGE and transferred to Immobilon membranes (Millipore Corp., Bedford, Mass.). Immunoblotting was carried out using specific antibodies and detection was performed according to the manufacturer's instructions with an enhanced chemiluminescence detection system (Amersham Life Science Inc., Arlington Heights, Calif.). Some blots were deprobed with 0.2 N NaOH for 10 min and reprobed using other specific antibodies.
Measurement of virus replication. The virus concentrations of the pancreatic tissues from EMC-D virus-infected mice were determined by plaque assay using L929 cells, as described previously (25) .
Treatment of EMC virus-infected DBA/2 mice with a Src kinase inhibitor, PP2. Male DBA/2 mice infected with 100 PFU of EMC-D virus per mouse were injected i.p. with 20 g of the Src family protein kinase inhibitor PP2 in 100 l of 10% dimethyl sulfoxide (DMSO)-PBS. Daily administration of PP2 was initiated on the same day as EMC-D viral infection and continued for 9 days. Blood glucose was measured at 2, 4, 6, and 8 days postinfection. RT-PCR analyses of cytokines and iNOS in macrophages were performed at 0, 1, 2, and 3 days postinfection. Histological examination of the pancreata was performed at 8 days postinfection. As a control, vehicle (100 l of 10% DMSO-PBS) was injected instead of PP2.
Passive transfer of macrophages. Peritoneal macrophages were isolated from PP2-treated (20 g/mouse), EMC-D virus-infected (100 PFU/mouse) mice or 10% DMSO-PBS-treated, EMC-D virus-infected (100 PFU/mouse) mice and treated with a high titer of anti-EMC-D virus antibody (Ͼ2,560 neuralizing antibody [NA] titer) to neutralize any residual infectious virus. The macrophages were injected intravenously (10 7 cells in PBS/mouse) into recipient mice (6-week-old male DBA/2 mice), which were injected with a subdiabetogenic dose of streptozotocin (50 mg/kg of body weight) on two consecutive days beginning 1 day prior to the passive transfer of macrophages. Blood glucose levels were measured every other day until 12 days after the transfer of macrophages. Uninfected DBA/2 mice and DBA/2 mice injected with streptozotocin (50 mg/ kg) on two consecutive days were used as controls.
Histological examination. At least eight mice/group were sacrificed at 8 days postinfection and the pancreata were fixed in 10% buffered neutral formalin. Paraffin-embedded sections were stained with hematoxylin and eosin (H and E) and examined. The classifications of "peri-islet infiltration," "mild to moderate insulitis," "severe insulitis," and "atrophied morphology" were used to describe the histological changes of the pancreatic islets. Islets with peri-islet infiltration had infiltrating mononuclear cells around them. The architecture of islets having mild to moderate insulitis was preserved, but 1 to 49% of these islets exhibited lymphocytic infiltration within the islets. Severe insulitis was characterized by morphological damage to the pancreatic ␤ cells, with 50 to 100% of these islets exhibiting lymphocytic infiltration. Islets with atrophied morphology were small and retracted, exhibiting severe ␤-cell necrosis with or without residual lymphocytic infiltration.
Immunohistochemical staining. The pancreata were rapidly removed from the mice and fixed overnight in a solution of 4% paraformaldehyde. Fixed tissues were processed for paraffin embedding. Paraffin sections (4 m) were deparaffinized and rehydrated. These sections were immunohistochemically stained with polyconal antibody against insulin (DAKO, Carpinteria, Calif.) and detected by the avidin-biotin peroxidase complex method with the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, Calif.).
Statistical analysis. Statistical analyses were conducted using the Student's t test. For statistical analysis of the incidence of diabetes, the Kruskall-Wallis one-way analysis of variance on ranks was used.
RESULTS

The selective activation of p59/p56
Hck , among the Src family of protein tyrosine kinases in macrophages, by infection with EMC-D virus. Three members of the Src family of protein tyrosine kinases, p59/p56
Hck , p55 Fgr , and p56/p53 Lyn , are strong candidates for being primary signal transducers of LPS responses (3, 4, 10, 11, 21, 22) , and their increased kinase activities have been correlated with upregulation of inflammatory cytokines and iNOS (3, 8, 15, 19) . To investigate whether these kinases are activated in macrophages infected with EMC-D virus, we examined the kinase activity of p59/p56
Hck , p55
Fgr , and p56/p53 Lyn in macrophages from DBA/2 mice infected with EMC-D virus at 24, 48, and 72 h after viral infection. To amplify the macrophages for the signaling studies, we injected thioglycolate at 3 days before EMC-D viral infection. We isolated macrophages from EMC-D virus-infected, thioglycolate-treated DBA/2 mice and performed an immune complex kinase assay using Sam68 as a substrate (21) . We found that p59/p56
Hck , among the Src family kinases tested, showed a 7.5-fold increase in autophosphorylation and a 3.1-fold increase in kinase activity at 48 h postinfection (Fig. 1A and B) . In contrast, autophosphorylating activity in p56/p53
Lyn and p55
Fgr was barely detected and significant activation of these kinases was not observed (Fig. 1A and B) . The same result was obtained from the immune complex kinase assay using denatured enolase as a substrate (data not shown formed Hck immune complex kinase assays using cell extracts from macrophages treated only with thioglycolate (without viral infection) for 0, 1, 2, or 3 days, we found that there was no increase in either Hck autophosphorylation or kinase activity from 0 to 3 days in uninfected, thioglycolate-treated macrophages (data not shown). These results suggest that EMC-D virus selectively activates p59/p56 Hck , among the Src family of protein tyrosine kinases, in murine macrophages.
To determine whether the activation of p59/p56 Hck in macrophages from EMC-D virus-infected mice is correlated with tyrosine phosphorylation, we isolated macrophages from EMC-D virus-infected mice at different times after infection and immunoprecipitated macrophage extracts with antibody against phosphotyrosine. We then performed Western blotting of the precipitated immune complex with anti-Hck antibody. We found that the tyrosine phosphorylation level of p59/ p56
Hck increased significantly, peaking at 48 h after EMC-D viral infection (about a fourfold increase compared to 0 h postinfection) with the same kinetics as shown in the Hck immune complex kinase assay (Fig. 1C) . These results indicate that increased tyrosine phosphorylation of p59/p56
Hck correlates with p59/p56
Hck activation. It has been suggested that p59/ p56
Hck may mediate tyrosine phosphorylation of an adaptor protein, Vav, during macrophage activation induced by LPS and IFN-␥ (9). To determine whether Vav is activated in macrophages infected by EMC-D virus, we isolated macrophages from EMC-D virus-infected mice, immunoprecipitated the macrophage extracts with anti-phosphotyrosine antibody, and performed Western blotting of the precipitated immune complex with anti-Vav antibody. We found that tyrosine phosphorylation levels of Vav increased significantly (about a sixfold increase compared to 0 h postinfection) at the time of highest p59/p56
Hck activity at 48 h postinfection (Fig. 1D) , suggesting that p59/p56
Hck signaling may be mediated by Vav during EMC-D virus-induced activation of macrophages.
Inhibition of EMC-D virus-induced p59/p56
Hck activation in macrophages by a Src family kinase inhibitor, PP2. To determine whether p59/p56
Hck activity is inhibited by a Src family kinase inhibitor, PP2, we administered PP2 into DBA/2 mice prior to viral infection, isolated peritoneal macrophages at 24, 48, and 72 h after viral infection, and examined p59/p56 Hck activity in macrophage extracts by the p59/p56
Hck immune complex kinase assay. We found that p59/p56
Hck activity significantly decreased at 72 h after PP2 treatment ( Fig. 2A) . In addition, there was no increase in tyrosine phosphorylation levels of Vav in response to EMC-D virus infection in PP2-treated mice (Fig. 2B) .
Decrease in the expression of inflammatory cytokines and iNOS in macrophages in EMC-D virus-infected mice by treatment with a Src family kinase inhibitor, PP2. It was previously found that IL-1␤, TNF-␣, and iNOS produced by activated macrophages made a significant contribution to the destruction of ␤ cells, leading to the development of diabetes in mice infected with a low dose of EMC-D virus (12) . To determine whether the treatment of EMC-D virus-infected DBA/2 mice with PP2 affects the induction of inflammatory cytokines and iNOS, we isolated macrophages from PP2-treated, EMC-D virus-infected DBA/2 mice or 10% DMSO-PBS-treated, EMC-D virus-infected DBA/2 mice (control) at various times after virus infection and analyzed the expression of cytokines and iNOS by RT-PCR. We found that the expression of IL-1␤ and IFN-␥ continuously increased up to 48 h postinfection in the EMC-D virus-infected control mice. The expression of TNF-␣ also significantly increased from 48 h postinfection and then was maintained up to 72 h postinfection. The expression of iNOS peaked at 48 h postinfection. However, the expression of IL-10 and TGF-␤ was not altered (Fig. 3A) . When we analyzed the expression of these cytokines and iNOS in the macrophages of PP2-treated, EMC-D virus-infected mice, we found that the induction of iNOS and TNF-␣ expression was almost completely inhibited. The expression profiles of IL-1␤ and IFN-␥ were decreased, but TGF-␤ and IL-10 were not significantly altered compared with the vehicle-treated, EMC-D virus-infected control mice (Fig. 3B) .
Prevention of EMC-D virus-induced diabetes in mice by treatment with a Src family kinase inhibitor, PP2. The Src kinase inhibitor, PP2, was shown to almost completely inhibit the induction of iNOS and TNF-␣, which are involved in the destruction of pancreatic ␤ cells. To determine whether PP2 can prevent the development of diabetes in mice infected with a low dose of EMC-D virus, we administered PP2 to DBA/2 mice infected with 100 PFU of EMC-D virus per mouse and examined the incidence of diabetes. We found that treatment of EMC-D virus-infected DBA/2 mice with PP2 significantly decreased the incidence of diabetes. Twenty-eight percent (5 of 18) of the mice treated with PP2 became diabetic by 8 days postinfection, while 74% (14 of 19) of 10% DMSO-PBStreated mice became diabetic (Fig. 4) . Histological examination of the pancreatic islets revealed a significant decrease in mononuclear cell infiltration in PP2-treated mice compared with vehicle-treated control mice. The majority of pancreatic islets (83%) from the EMC-D infected, PP2-treated mice showed peri-insulitis (24%) or mild to moderate insulitis (59%). Only 17% of the islets from the PP2-treated mice showed severe insulitis (12%) or islet atrophy (5%). In contrast, the majority of the islets (84%) from EMC-D virusinfected control mice showed atrophy (55%) or severe insulitis (29%). Only 16% of the examined islets showed mild to moderate insulitis (15%) or peri-insulitis (1%) (Fig. 5A, C , and E and Table 1 ). When we examined the insulin-containing cells in the islets from PP2-treated or control mice by immunohistochemical staining of pancreatic sections with anti-insulin antibodies, we found that the majority of islet cells in the PP2-treated, EMC-D virus-infected mice were insulin positive (67%), which was less than for the uninfected normal control mice (84%). In contrast, only 20% of the examined islet cells in DMSO-PBS-treated, EMC-D virus-infected mice were insulin positive (Fig. 5B, D and F and Table 2 ). To determine whether there was any difference in viral replication in the pancreatic islets between PP2-treated, EMC-D virus-infected mice and control 10% DMSO-PBS-treated, EMC-D virus-infected mice, we measured viral titers in the pancreatic tissues at 4 days after infection. We found that there was no significant difference in the viral titer between these two groups (4.95 Ϯ 0.16 log 10 PFU/g of tissue in PP2-treated mice; 5.28 Ϯ 0.21 log 10 PFU/g of tissue in 10% DMSO-PBS-treated mice). This result suggests that the prevention of diabetes by PP2 does not result from the inhibition of EMC-D virus replication in the ␤ cells but from the inhibition of the production of soluble mediators such as iNOS and TNF-␣.
Loss of ability of macrophages from PP2-treated, EMC-D virus-infected mice to transfer diabetes to recipient mice. To determine whether the EMC-D virus-activated macrophages play a role in the destruction of ␤ cells through the p59/p56
Hck signaling pathway, we infected DBA/2 mice with 100 PFU of EMC-D virus and isolated the peritoneal macrophages. We then transferred the macrophages into DBA/2 mice treated with a subdiabetogenic dose (50 mg/kg) of streptozotocin twice on consecutive days in order to induce minor damage sufficient for the recruitment of macrophages and examined the development of diabetes in the recipients. Treatment of mice with a subdiabetogenic dose of streptozotocin did not result in the development of diabetes but did result in the recruitment of macrophages into the pancreatic islets. We found that only 11% (1 of 9) of the recipients of macrophages from PP2-treated mice developed diabetes, whereas 56% (5 of 9) of the recipients of macrophages from 10% DMSO-PBS-treated mice became diabetic (Table 3) . These results suggest that the p59/p56
Hck signaling pathway plays an important role in the activation of macrophages in mice infected with a low dose of EMC-D virus and the activated macrophages contribute to the destruction of ␤ cells, resulting in the development of diabetes.
DISCUSSION
The selective infection of pancreatic ␤ cells with EMC-D virus results in an initial recruitment of macrophages into the islets followed by infiltration of other immunocytes, including T cells, natural killer cells, and B cells (1) . The activation of macrophages prior to EMC-D viral infection results in a significant increase in the incidence of diabetes, whereas inactivation of macrophages prior to viral infection almost completely prevents the development of diabetes in mice infected with a low dose of EMC-D virus (2) . The inhibition of macrophage-produced soluble mediators such as IL-1␤, TNF-␣, and iNOS results in the prevention of EMC-D virus-induced diabetes, indicating that the destruction of ␤ cells in mice infected with a low dose of EMC-D virus is due to macrophage-derived soluble mediators (12) . However, the mechanism by which macrophages are activated and produce the soluble mediators as a result of EMC-D viral infection was unknown.
It was recently found that the tyrosine kinase signaling pathway is involved in the activation of macrophages by EMC-D virus, specifically activation of the mitogen-activated protein kinases, such as extracellular regulated kinase 1/2, p38 mitogen-activated protein kinase, and c-Jun N-terminal kinase. Furthermore, treatment of EMC-D virus-infected mice with a tyrosine kinase inhibitor, AG126, significantly reduced the incidence of diabetes (13) . Recent studies have implicated the Src-related tyrosine kinases as critical signaling pathways in the hematopoietic lineages. Src family members mediate relevant functions, such as the induction of NO production by bacterial LPS (15) , phagocytosis, cell spreading (5, 17, 19) , and Fc␥I receptor signaling (7) . Recently, it was reported that p56
Lck is implicated in Coxsackievirus B3-mediated heart disease, demonstrating a novel function of a Src family kinase as an essential host factor involved in viral pathogenicity (16) . The hematopoietic cell kinase (p59/p56
Hck ) is a member of the Src family of tyrosine kinases, and p59/p56
Hck expression has been reported to correlate with terminal differentiation in both monocytes/macrophages and granulocytes (23) . Functional activation of human cultured macrophages with LPS augmented the expression of p59/p56
Hck transcripts and p59/p56 Hck protein (8, 28) . Expression of a constitutively active mutant of p59/ p56
Hck in macrophages augments TNF-␣ production, whereas inhibition of endogenous p59/p56
Hck expression interferes with LPS-mediated TNF synthesis. Chronic exposure of macrophages to LPS and IFN-␥ induces increased synthesis of p59/ p56
Hck and p59/p56
Lyn , which correlates with the ability of LPS and IFN-␥ to prime macrophages for a respiratory burst (4). Lowell et al. (18) PP2 plus EMC-D virus 0 0 1 (11) 1 (11) 1 (11) 1 (11) a DBA/2 mice were infected with 100 PFU of EMC-D virus and treated with PP2 (20 g/mouse in 10% DMSO-PBS) or 10% DMSO-PBS. The peritoneal macrophages (10 7 cells/mouse) were isolated and injected intravenously into DBA/2 mice treated with a subdiabetogenic dose of streptozotocin (50 mg/kg on two consecutive days beginning 1 day prior to the transfer of macrophages). None of the DBA/2 mice injected with the subdiabetogenic dose of streptozotocin became diabetic.
b The development of diabetes was monitored by checking blood glucose after transfer of macrophages on the indicated day. Any mouse with a nonfasting blood glucose level greater than 226 mg/dl (3 SD of the mean blood glucose level of the untreated control mice) was scored as diabetic. a Mice were infected with 100 PFU of EMC-D virus per mouse and treated daily with 10% DMSO-PBS (n ϭ 8) or PP2 (n ϭ 8) for 8 days. The mice were sacrificed and histological changes in islets were examined at 8 days postinfection.
b Combined data from diabetic and nondiabetic animals (20 to 30 islets/ mouse).
c P, peri-islet infiltration; M, mild to moderate insulitis; S, severe insulitis; A, atrophied morphology.
involved in the activation of macrophages by EMC-D viral infection. We isolated peritoneal macrophages from mice infected with a low dose of EMC-D virus and analyzed the Src kinase activity. We found that only p59/p56
Hck of the Src kinase family members examined demonstrated a clear increase in both kinase and autophosphorylating activity after EMC-D viral infection. In addition, tyrosine phosphorylation levels of Vav, which has been postulated as a mediator of p59/p56 Hck signaling (18) , significantly increased at the time of the highest p59/p56
Hck activity. Next, we examined whether p59/p56
Hck is involved in the production of toxic soluble mediators by macrophages from EMC-D virus-infected mice. We treated EMC-D virus-infected mice with a Src kinase inhibitor, PP2, and isolated macrophages. We first examined whether PP2 could inhibit p59/ p56
Hck activation in the macrophages and found that p59/ p56
Hck activity was abrogated by PP2 treatment. In addition, there was no increase in tyrosine phosphorylation levels of Vav in response to EMC-D virus infection in PP2-treated mice. We then examined the expression of inflammatory cytokines and iNOS and found that the induction of TNF-␣ and iNOS expression was almost completely suppressed in PP2-treated mice compared with vehicle-treated control mice. However, the induction of IL-1␤ mRNA was not completely suppressed in PP2-treated mice. These results suggest that p59/56
Hck may be involved in the EMC-D virus-induced production of TNF-␣ and iNOS in the macrophages, and that the signaling pathway to produce IL-1␤ might be different from those of TNF-␣ and iNOS. Consistent with these results, a recent report demonstrated that the Src family tyrosine kinase inhibitor, PP1, blocks LPS-and IFN-␥-mediated phosphorylation of Hck, resulting in the inhibition of the production of TNF and iNOS in RAW 264.7 murine macrophages (20) . However, we cannot exclude the possibility that PP2 may also inhibit the production of some as-yet-unknown protein induced by EMC-D viral infection.
Since PP2 suppresses the EMC-D virus-induced production of TNF-␣ and iNOS in activated macrophages, which are known to be toxic to ␤ cells, the next question was whether the inhibition of these macrophage-derived soluble mediators by PP2 might contribute to the prevention of the development of diabetes in EMC-D virus-infected mice. When we examined the effect of PP2 on the development of diabetes in DBA/2 mice infected with a low dose of EMC-D virus, we found that the mean blood glucose level and the incidence of diabetes were significantly decreased in PP2-treated mice in a dosedependent manner compared with control mice. In addition, histological examination revealed that the insulin-producing pancreatic ␤ cells were well preserved in PP2-treated mice compared with untreated controls when they were infected with a low dose of EMC-D virus.
Finally, we determined whether macrophages activated through p59/p56
Hck signaling play a critical role in the destruction of pancreatic ␤ cells in mice infected with a low dose of EMC-D virus. We found that macrophages from mice treated with the Src family kinase inhibitor PP2 lose the ability to transfer diabetes to recipient mice, whereas macrophages from 10% DMSO-PBS-treated control mice are able to transfer diabetes. These results indicate that macrophages activated by EMC-D virus infection through the p59/p56
Hck signaling pathway contribute to the destruction of pancreatic ␤ cells, resulting in the development of diabetes, although this may not be the sole contributing factor for the destruction of pancreatic ␤ cells by EMC-D viral infection. On the basis of these observations, we conclude that EMC-D viral infection of macrophages activates a Src tyrosine kinase, p59/p56
Hck , and induces the production of ␤-cell-toxic soluble mediators such as TNF-␣ and iNOS, resulting in the destruction of pancreatic ␤ cells. Blocking this pathway, by treatment with the Src kinase inhibitor PP2, results in the suppression of the production of TNF-␣ and iNOS and the subsequent prevention of EMC-D virus-induced diabetes in mice.
